Electric dipole radiation can be controlled by coherent optical feedback, as has previously been studied by modulating the photonic environment for point dipoles placed both in optical cavities [1] [2] [3] and near metal mirrors 4, 5 . In experiments involving fluorescent molecules 4,5 , trapped ions 6,7 and quantum dots 8 the point nature of the dipole, its sub-unity quantum efficiency, and decoherence rate conspire to severely limit any change in total linewidth. Here we show that the transverse coherence of exciton emission in the monolayer twodimensional (2D) material MoSe 2 removes many of the fundamental physical limitations present in previous experiments. The coherent interaction between excitons and a photonic mode localized between the MoSe 2 and a nearby planar mirror depends interferometrically on mirror position, enabling full control over the radiative coupling rate from near-zero to 1.8 meV and a corresponding change in exciton total linewidth from 0.9 to 2.3 meV. The highly radiatively broadened exciton resonance (a ratio of up to 3 : 1 in our samples) necessary to observe this modulation is made possible by recent advances in 2D materials sample fabrication 9-11 . Our method of mirror translation is free of any coupling to strain or DC electric field in the monolayer, which allows a fundamental study of this photonic effect. The weak coherent driving field in our experiments yields a mean excitation occupation number of ∼10 −3 such that our experiments correspond to probing radiative reaction in the regime of perturbative quantum electrodynamics 12 . This system will serve as a testbed for exploring new excitonic physics 13 and quantum nonlinear optical effects 14, 15 . The transition metal dichalcogenides (TMDs) MoSe 2 and MoS 2 become direct band gap semiconductors when isolated in monolayer form [16] [17] [18] , transferring a significant fraction of the interband spectral weight to a strong and spectrally narrow excitonic resonance 19, 20 . Coherence 21 , spin-valley interactions 22, 23 , strain effects 24 , many-body electron physics [25] [26] [27] and engineered confinement 28, 29 have all been studied using TMD excitons.
Electric dipole radiation can be controlled by coherent optical feedback, as has previously been studied by modulating the photonic environment for point dipoles placed both in optical cavities [1] [2] [3] and near metal mirrors 4, 5 . In experiments involving fluorescent molecules 4, 5 , trapped ions 6,7 and quantum dots 8 the point nature of the dipole, its sub-unity quantum efficiency, and decoherence rate conspire to severely limit any change in total linewidth. Here we show that the transverse coherence of exciton emission in the monolayer twodimensional (2D) material MoSe 2 removes many of the fundamental physical limitations present in previous experiments. The coherent interaction between excitons and a photonic mode localized between the MoSe 2 and a nearby planar mirror depends interferometrically on mirror position, enabling full control over the radiative coupling rate from near-zero to 1.8 meV and a corresponding change in exciton total linewidth from 0.9 to 2.3 meV. The highly radiatively broadened exciton resonance (a ratio of up to 3 : 1 in our samples) necessary to observe this modulation is made possible by recent advances in 2D materials sample fabrication [9] [10] [11] . Our method of mirror translation is free of any coupling to strain or DC electric field in the monolayer, which allows a fundamental study of this photonic effect. The weak coherent driving field in our experiments yields a mean excitation occupation number of ∼10 −3 such that our experiments correspond to probing radiative reaction in the regime of perturbative quantum electrodynamics 12 . This system will serve as a testbed for exploring new excitonic physics 13 and quantum nonlinear optical effects 14, 15 . The transition metal dichalcogenides (TMDs) MoSe 2 and MoS 2 become direct band gap semiconductors when isolated in monolayer form [16] [17] [18] , transferring a significant fraction of the interband spectral weight to a strong and spectrally narrow excitonic resonance 19, 20 . Coherence 21 , spin-valley interactions 22, 23 , strain effects 24 , many-body electron physics [25] [26] [27] and engineered confinement 28, 29 have all been studied using TMD excitons.
Monolayer and few-layer TMDs were first prepared by mechanical exfoliation 16, 17, 30 and were typically n-doped and inhomogeneously broadened by substrate roughness. By adding electrostatic control via a gate, the semiconductor could be made neutral 26, 27 . Encapsulation of TMDs in atomically flat hBN (hexagonal Boron Nitride) has enabled further improvements [9] [10] [11] . While some residual imperfections persist [31] [32] [33] [34] , sample qualities sufficient to manifest quantum coherent effects are now achievable.
Modifying the electromagnetic environment by using a mirror to engineer the local photonic density of states can affect the radiative decay rate of a dipole 1, 5 . In addition to those involving fluorescent molecules 4,5 , trapped ions 6,7 and quantum dots 8 , similar studies have been conducted with surface plasmon-polaritons 35 and with an acoustic gong 36 . For a perfect 0D dipole placed near a perfectly reflective spherical concave mirror, the radiative coupling and total linewidth could in principle be modulated from near zero to twice their vacuum values 5 . Experimentally, the modulation in total linewidth is much smaller due to the sub-unity quantum efficiency of real dipoles, their decoherence properties, and the use of planar mirrors (or finite numerical aperture 6 ) for practical reasons, which partially obscure the interference effects. For a planar mirror, interference effects on the total linewidth likewise decrease rapidly with mirror-dipole distance because of the high numerical aperture of the emission pattern. However, the situation is different for excitons in 2D materials because the delocalized nature of the planar exciton leads to conservation of transverse momentum 37, 38 , meaning that the exciton emission is angularly restricted. This opens the possibility of full manipulation of the radiative coupling even when the mirror is many wavelengths from the emitter.
The features that make this system a novel testbed for optical physics also make it attractive for engineering applications. Coupling mirror-membrane position to the frequency, linewidth and strength of a resonance is of interest for optomechanics. For nonlinear and quantum optics, controllably reducing the intrinsic linewidth would greatly enhance nonlinearities 15 . High quality TMDs grown by chemical vapor deposition 39, 40 and then laser annealed to improve sample quality 41 offer a path towards scalable quantum engineering applications.
We report the effect of varying the distance between the monolayer semiconductor MoSe 2 and a metal mirror on the MoSe 2 exciton resonance (X 0 ). A low-finesse photonic mode is formed between the mirror and MoSe 2 , and light coupling out of this cavity interferes with light directly emitted by the exciton. As the mirror is translated, the interference condition at the MoSe 2 varies between destructive and constructive, strongly modifying the reflection of the device. The magnitude of the reflection at X 0 can vary from near zero to near unity, and the absorption varies in a complementary way. This interference condition also affects the radiative coupling of X 0 to the environment, and at maximal destructive interference the coupling can be almost entirely suppressed, in theory limited only by mirror losses. Conversely, at maximal constructive interference this coupling is twice its vacuum value. Since X 0 is primarily radiatively broadened, this modulation of the radiative coupling induces a similar effect on the total linewidth. In the experiment we fabricate heterostructures of MoSe 2 encapsulated in hBN, and then transfer these stacks onto fused silica substrates 42, 43 . A microscope image of the sample used for the data presented in this paper is shown in Fig. 1b , and a schematic of the experiment is shown in Fig. 1a . Experiments are conducted within an optical cryostat at 4 K. A gold mirror on a mechanical actuator is placed in close proximity to the MoSe 2 heterostructure. The mirror is translated along the optical axis, and at selected z positions reflectance measurements are made using a grating spectrometer. Note that z is the optical path length between the mirror and the MoSe 2 . This method of mirror translation isolates the effect of coherent electromagnetic feedback since it is entirely free of coupling to strain or electric field in the TMD. More detail on the samples and the experiment can be found in the methods sections I A and I B. Because we excite with ∼15 nW of continuous-wave optical power with a bandwidth of 300 nm the photon rate at the sample is ∼60 GHz, and considering only optical power resonant with X 0 the rate is ∼0.4 GHz. Taking into account the exciton decay rate of ∼2 meV ≈ 480 GHz, the excitation occupation number during the measurement is very low, ∼10 −3 .
Maps of the magnitude of the dip in reflectance at X 0 and its center frequency/wavelength (ω X0 , λ X0 ) are shown in Fig. 1c . The mirror is near but not at maxi-mum destructive interference. As observed by others 9,10 , there is inhomogeneity on a few-micron scale in both λ X0 and the magnitude of the reflection. Nonetheless, some areas of the sample are radiatively broadened. In Fig.  1d , spots are selected to show both a range of sample quality and λ X0 .
A heat map of the reflectance as a function of mirror position is shown in Fig. 2a , along with selected line cuts of the same data in Fig. 2c . The X 0 resonance appears as a dip (the central bright band) that varies in magnitude, width and center frequency as the mirror is translated across a full fringe. We define z d and z c as the mirror positions for maximal destructive and constructive interference respectively, as in Fig. 2b . When the reflection from the mirror interferes destructively with that from the MoSe 2 , the radiative coupling of X 0 becomes very small and the dip disappears below the noise floor (z d,1 and z d,2 in Fig. 2a) . Surprisingly, the minimum reflection over z does not occur at z c , but rather occurs at each of two mirror positions on either side of z c . At these two reflection minima (z m,1 = 815 nm and z m,2 = 1020 nm) the reflectance is ∼8%, while in between it reaches 45% at z c .
This surprising effect is due to an interplay between the radiative coupling rate (γ r ) and non-radiative coupling rate (γ nr ). At z c , the exciton is primarily radiatively broadened and γ r is larger than γ nr + γ ib,eff , where γ ib,eff is the effective contribution to the total linewidth from a Gaussian inhomogeneous broadening γ ib . We define γ tot = γ r + γ nr + γ ib,eff as the total linewidth. In an ideal material (γ r γ nr , γ ib,eff ) the reflectance would approach unity here. However, in our real sample γ nr and γ ib,eff reduce the reflectance feature at z c to 45%. When the mirror is moved in either direction from z c , γ r and γ r /γ nr are reduced so that the exciton begins to absorb more light, causing the reflectance feature to deepen and eventually reach its minimum value at z m,1/2 . It also begins to spectrally narrow, since the contribution of γ r to the total linewidth γ tot is reduced. As the mirror is moved even farther away from z c past z m,1/2 , γ r continues to decrease and the X 0 feature shrinks while spectrally narrowing until it eventually disappears.
Note that the center frequency ω X0 of the dip changes with mirror position as well. When the light reflected from the mirror is exactly in-or out-of-phase with that back-emitted from the MoSe 2 , the dip is at its 'vacuum' frequency (ω 0 ), and ω X0 = ω 0 . However, away from either of these positions dispersion over the X 0 resonance causes a spectrally asymmetric interference condition, which shifts the effective line center ω X0 .
Plots of the modeled reflectance are shown in Figs. 2a and 2c. We model the TMD exciton using a Lorentzian susceptibility, shown in Eq. 1, which accounts for radiative broadening γ r and non-radiative broadening γ nr 10,44 . The reflectance is calculated for the full heterostructure and mirror using a transfer matrix method 45 including the effect of inhomogeneous broadening γ ib . Selected line cuts were simultaneously fit to the model to find global values for γ r , γ nr , γ ib and ω X0 . See the methods section I C for more details. Both qualitatively and quantitatively, the model matches closely with the experimental data. One slight difference is that the deepest reflectance feature obtained over z is smaller in the experiment (8%) than the model (18%), which is likely due to a combination of pure dephasing (which is not included in the model), spectrally structured inhomogeneous broadening, mode-mismatch between the interfering reflected beams, and diffraction effects. We attribute the slight discrepancy (distortion along z) between the model and experiment on the left in Fig. 2a to small imperfections in the z calibration of the data.
From both the experimental data and the model we extract full-width-half-max (FWHM) linewidths, which are shown in Fig. 3a . As a function of mirror position, the linewidth γ tot varies from ∼0.9 meV near z d to ∼2.3 meV at z c for a total modulation of ∼2.5×, while in the model it varies from 0.9 to 2.4 meV, or ∼2.6×. This modulation can also be clearly seen in Fig. 2d . The change in γ r of the X 0 resonance is the primary cause of the change in γ tot , and the values of γ r extracted from the model vary from near zero at z d to 1.8 meV (440 GHz) at z c . Near z d , γ tot is dominated by the contribution of γ nr and γ ib,eff while at z c radiative coupling dominates, with a ratio of γ r /(γ nr + γ ib,eff ) ∼ 3. Modeled and experimental values for ω X0 and the minimum reflectance shown in Figs. 3b and 3c agree as well. The line shift of ∼1 meV (240 GHz) is significant relative to γ tot .
Lastly, in Fig. 3d we compare our data to a simplified model of both a 2D dipole and a point dipole. The 2D case highlights that the transverse coherence and delocalized nature of the exciton causes light emission into specific modes rather than the full numerical aperture. We define the coherent quantum efficiency in vacuum η 0 = γ r /γ tot , which differs from the incoherent quantum efficiency γ r /(γ r + γ nr ). For our purpose, coherent quantum efficiency is the relevant quantity because the linewidth modulation effect depends on the coherent interference of emitted waves. Using models described in methods section I D, we show that for an ideal 2D dipole (η 0 = 1) and a perfect planar mirror, the linewidth can be fully modulated even when the mirror is far from the dipole. This is not true in the 0D dipole case, because integrating emission over the full numerical aperture obscures the interference effect as z increases. Also shown is a plot for η 0 = 0.45 chosen to match the superimposed experimental data. Note that the peak ratio γ r /(γ nr + γ ib,eff ) ∼ 3 extracted from the reflectance model does not match that of γ r /(γ nr + γ ib,eff ) ∼ 1.8 we expect for η 0 = 0.45 from this simplified model. This discrepancy is primarily due to γ ib,eff varying with z so as to partially counteract the change in γ r , as seen in Fig.  3a . Because the intrinsically Lorentzian exciton feature is convolved with a Gaussian inhomogeneous broadening of width γ ib to form a Voight profile, the effective inhomogeneous broadening γ ib,eff is larger when the total linewidth γ tot is small 46, 47 . Regardless, the amplitude and phase of the experimental γ tot values highlight that no 0D dipole in front of a flat mirror (even with a perfect mirror and η 0 = 1) could produce the behavior seen in the experiments.
We have demonstrated coherent control over an exciton resonance by positioning a mirror in close proximity to the monolayer semiconductor MoSe 2 , showing near complete modulation of the reflection at X 0 . The concurrent change in radiative coupling rate induces a change in total linewidth of ∼2.4×, demonstrating the dominant role of radiative coupling for excitons in monolayer MoSe 2 and serving as an important verification of theoretical models used to describe excitonic physics in TMD materials. For engineering applications, the modulation of the X 0 resonance could greatly enhance optomechanical couplings, while the effective enhancement of nonlinearities 15 is useful for nonlinear optics and quantum optics. Our strain free and DC electric field free method of mirror positioning has allowed us to study the underlying photonic interference effect present in the system, and the unprecedented control over the radiative coupling of an excitonic resonance paves the way for many future experiments.
Note: During preparation of this manuscript we became aware of a preprint presenting similar work by You Zhou, et. al. 48 .
I. METHODS

A. Sample Preparation
We fabricate heterostructures like the one shown in Figs. 1a and 1b using a dry pickup transfer technique 42, 43 . First, hBN, MoSe 2 and graphite are mechanically exfoliated 16, 17, 30 onto 300 nm SiO 2 on Si substrates. The substrates are then observed under an optical microscope to identify suitable flakes. Polycarbonate (PC) 'stamps' are made by affixing a thin PC film to a piece of polydimethylsiloxane (PDMS) on a glass slide. This stamp is then used to sequentially pick up the mechanically exfoliated flakes by bringing the stamp slowly into contact with a flake on the exfoliation substrate. In our case, we first pick up the 'top' hBN, then the monolayer MoSe 2 , then the 'bottom' hBN and finally the few-layer graphene flake. This stack (including the PC film) is transferred to a glass substrate. The PC is removed by dissolution in chloroform. Note that the MoSe 2 protrudes from the bottom hBN so that it contacts the few-layer graphene flake, shorting the two to each other. This helps to electrostatically isolate the MoSe 2 from the substrate. More details on sample preparation are given in the supplemental material.
The mirrors are prepared by taking a small glass substrate (∼ 1 mm x 1 mm in lateral dimensions) and affixing it to a larger carrier substrate. This is then coated in 120 nm of gold, with a 3 nm titanium adhesion layer.
The experiment is conducted in an optical cryostat (Montana Instruments Nanoscale Workstation). All measurements were conducted at a nominal temperature of 4 K and a pressure of 1 · 10 −7 Torr. The sample is attached to a fixed mount. A gold mirror is mounted on a slip-stick piezo mirror mount (Janssen Precision Engineering) and brought close to the sample. The slip-stick piezo mirror mount is used to translate the mirror relative to the sample. A microscope objective (20×, 0.4 numerical aperture, Olympus MSPLAN) inside the cryostat was used to focus the beam onto the sample.
Light from either a lamp (Thorlabs SLS201) or a supercontinuum laser (NKT Photonics SuperK) is focused into a single mode optical fiber. This light is coupled into a home-built confocal microscope setup, which focuses the beam onto the sample. The collected reflected light is then sent to a home-built grating spectrometer for measurement. In order to translate the focus of the beam in three dimensions at the sample, the confocal microscope has a double 4f system. One tip-tilt mirror in the second 4f section translates the beam in the transverse plane, while a lens in the first 4f system is translated along the optical axis to move the beam focus along the optical axis. More details of the experimental setup can be found in the supplemental information. Each spectrum is normalized to a spectrum taken at a flake-free area on the substrate. Measurements were automated using the python instrument control package Instrumental 49 , available on GitHub at https://github.com/mabuchilab/Instrumental.
C. Reflectance Model
For simplicity we use a classical model of stack reflectivity based on a Lorentzian susceptibility for the MoSe 2 exciton, taking into account radiative broadening in vacuum γ r,0 and non-radiative broadening γ nr 10,44 :
where ω 0 is the exciton center frequency, ω is the optical frequency, c is the speed of light, and d is the MoSe 2 thickness. The index of refraction of the MoSe 2 is then:
where n 0 is the background index in the MoSe 2 . Reflectance from the full stack R ω0 (ω) including the mirror is calculated using a transfer-matrix-method to obtain Fresnel coefficients 45 . Inhomogeneous broadening effects are included with a characteristic width of γ ib . To obtain the reflectance R(ω) including inhomogeneous broadening, R ω0 (ω) is calculated for a range of exciton center frequencies and combined by weighting with a Gaussian of width γ ib :
This assumes that the inhomogeneously broadened excitons emit incoherently, so that interference effects average out. For fitting purposes, data from several line cuts at characteristic mirror positions were selected. The model was fit to all line cuts simultaneously, resulting in the following values for the free parameters: ω 0 = 1647.72 meV, γ r,0 = 1.09 meV, γ nr = 0.40 meV and γ ib = 0.26 meV. The mirror distance z was also extracted from the spectra by fitting interference fringes at wavelengths far from ω 0 . See the supplemental information for more details of both fitting procedures, and the values for the static parameters used in the reflectance model.
To extract the model parameters in Fig. 3a we first extract the total FWHM linewidth of the X 0 feature from the reflectance model as a function of mirror position z. Assuming a Voight line shape 46, 47 we can extract the intrinsic Lorentzian linewidth (γ r + γ nr ) because the intrinsic Gaussian linewidth (γ ib ) is known directly from the model. This also yields the effective contribution to the linewidth of inhomogeneous broadening (γ ib,eff ) as the difference between the total linewidth and the intrinsic Lorentzian linewidth. We can then trivially extract γ r from the intrinsic Lorentzian linewidth because γ nr is known.
D. Simplified Linewidth Model
Simplified models for the linewidth modulation of 0D and 2D dipoles parallel to a perfect planar mirror were derived. The normalized total linewidth as a function of distance from the mirror is 5 :
where γ tot (x) is the total linewidth at normalized mirror position x = 4πz λ0 , γ tot,0 is the total linewidth in vacuum and λ 0 is the wavelength in vacuum. Following a similar procedure an equation for a 2D material was derived:
See the supplemental information for details of the derivation.
I.
SUPPLEMENTAL METHODS
A. Sample Fabrication
We fabricate heterostructures using a dry pickup transfer technique [42, 43] . We first clean 300 nm SiO 2 on Si substrates, and fused silica substrates by sonicating in acetone for 2 minutes, then deionized water for 2 minutes and finally isopropanol for 2 minutes. The substrates are then subjected to oxygen plasma for 5 minutes. Graphite (NGS Naturegraphit A removable beamsplitter enables imaging of the sample. Note that the lens imaging onto the camera in the imaging train is also on a translation stage, allowing the imaging plane to be matched with that of the excitation spot.
The grating spectrometer used to measure the reflectance spectra has an 1800 line/mm reflective diffraction grating on a motorized rotation stage (Newport RGV100). Spectra are measured using a camera (Princeton Instruments PIXIS 2048). The nominal resolution of the spectrometer is approximately 1 cm −1 .
C. Reflectance Model Fitting
We simultaneously fit spectral data in Figs We note that the four fitting parameters are highly constrained by the experimental data, and that other values of the parameters do not produce satisfactory agreement between experiment and model. For simplicity we ignore the subtle difference between γ ib and γ ib,eff .
Doing so does not qualitatively alter the conclusions reached. First, ω 0 is set by the position of the reflectance dip at both z c and z d,1/2 . Second, the quantity γ nr + γ ib is constrained by the reflectance linewidth at z d , where radiative broadening is negligible. Similarly, the total linewidth γ tot = γ r + γ nr + γ ib is constrained by the linewidth at z c . Lastly, the magnitude of the on-resonant reflection at z c constrains the ratio γ r /(γ nr + γ ib ). Because the modulation of γ r by the mirror is independent of the fitting parameters, we can conceptually replace γ r in the above discussion by Aγ r,0 (where A is constant). The four independent relations above then fully constrain the fitting parameters.
The static (unfitted) parameters used in the reflectance model are as follows. The index of the silica substrate is n = 1.45, and the index of the hBN is n = 1.9. The index of refraction of the gold at ω 0 is n = 0.1388 + 4.4909i. The thickness of the gold is 120 nm.
The thickness of the top hBN is 87 nm, and the thickness of the bottom hBN is 128 nm.
The background index of the MoSe 2 is n = 4.5. The graphene flake is modeled as a bilayer with an index at ω 0 of n = 2.15 + 1.91i.
D. Mirror Position Fitting
The slip-stick piezo stage used to actuate the mirror does not have any position encoding, which requires us to have an independent measure of the mirror position. At each z position for the data in Figs. 2a and 2c, we also took spectra over the range of 770 nm to 900 nm from the same position on the sample. As can be seen in Fig. S3 , there are broad fringes that vary with mirror position, due primarily to the modulation of absorption in the gold mirror and the few-layer graphene as the mirror position is changed. Treating z as a free parameter, we fit the reflectance in this region to the same reflectance model for the full heterostructure shown in Eq. 3. Note that because these spectra are off-resonant from X 0 , the exciton susceptibility has a negligible effect. Several examples of the measured and fitted spectra are shown in Fig. S3 .
E. Linewidth Model
From [5] , for an ideal dipole near and parallel to an ideal mirror:
where τ x is the lifetime at normalized distance x = 4πz λ 0 from the mirror, τ 0 is the lifetime in vacuum, λ 0 is the wavelength in vacuum and z is the optical path length between the mirror and the dipole. When the dipole has a coherent quantum efficiency η 0 in vacuum, the modified lifetime τ x is:
It then follows from Eq. S1 that the radiative decay rate γ r for a perfect dipole is:
γ
where γ r,0 is the radiative decay rate in vacuum. For the more general case with sub-unity coherent quantum efficiency η 0 = γ r,0 γ tot,0
, with γ tot,0 being the total linewidth in vacuum, it follows from Eq. S2 that:
Using Eq. S3 we find that: 
Using Eq. S4, which holds for a 2D dipole as well, we find that:
FIG. S1. Experimental Setup. Light is coupled from a lamp or a laser through a single mode fiber into a custom confocal microscope, which focuses light on the sample and collects the reflection.
The collected light is measured using a grating spectrometer. 
